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| INTRODUC TI ON
The prevalence of asthma has been increasing over the past few decades, 1 and the increase may be attributed to industrialization-and urbanization-generated environmental pollutants. [2] [3] [4] [5] [6] [7] Environmental pollutants, which coexist with allergens, may contribute to the exacerbation of asthma. Particularly, environmental pollutant, di(2-ethylhexyl) phthalate (DEHP), which is commonly used as a plasticizer, has been shown to enhance cockroach allergen-induced airway inflammation. 8 Furthermore, prenatal exposure to either diesel exhaust particulates (DEP) or polycyclic aromatic hydrocarbons (PAHs), which are DEP-derived toxins, is associated with a greater risk of allergic sensitization, early childhood wheeze, and asthma. 9, 10 Moreover, co-exposure to DEP and house dust mite (HDM) has been shown to exacerbate allergic sensitization and to induce key characteristics of a more severe asthma. 7, [11] [12] [13] [14] However, the key components in DEPs that are responsible for the aggravation of allergic response and the related underlying molecular mechanisms have not been revealed.
Benzo(a)pyrene (BaP) is a ubiquitous environmental pollutant, and carcinogenic polycyclic aromatic hydrocarbons (PAH) are generally Moreover, BaP co-exposure with Der f 1 activated AhR signaling with increased ex- Conclusions: Our findings suggest that BaP facilitates Der f 1-induced epithelial cytokine release through the AhR-ROS axis.
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G R A P H I C A L A B S T R A C T
Compared with Der f 1 alone, BaP and Der f 1 co-exposure leads to airway hyperresponsiveness and increases Th2-associated lung inflammation in mouse model of asthma. AhR signaling plays a critical role in BaP and Der f 1 co-exposure-induced oxidative stress and cytokine expression in airway epithelial cells. The AhR-ROS axis regulates BaP and Der f 1 co-exposure-induced epithelial cytokine expression and allergic inflammation. AhR: Aryl hydrocarbon receptor; BaP: benzo(a)pyrene; CLRs: C-type lectin receptors; HDM: house dust mite; PAR2: protease-activated receptor 2; ROS: reactive oxygen species.
derived from automobile exhaust (eg, DEP), cigarette smoking, cooking, and industrial combustion. 15 BaP can induce expression of several pro-inflammatory cytokines/chemokines [eg, IL-1β, TNF-α, and CC chemokine ligand 1 (CCL1)] in macrophages. 16, 17 Exposure to BaP alone can also induce oxidative stress, bronchial epithelium injury, 18, 19 and pulmonary toxicity and inflammation. 20 Intriguingly, co-exposure to BaP with an artificial allergen ovalbumin (OVA) has been reported to enhance the production of allergen-specific IgE, systemic Th1/Th2 reaction, and airway inflammation in mice. [21] [22] [23] However, the causal relationship and underlying molecular mechanisms are poorly characterized.
Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that is activated by small molecules provided by the diet, microorganisms, metabolism, and pollutants. [24] [25] [26] [27] [28] [29] Upon ligand binding, AhR translocates from cytosol to the nucleus, leading to changes in target gene transcription (eg, cytochrome P450 cyp1a1, cyp1b1) and immunotoxicological effects. [30] [31] [32] Furthermore, it has been established that AhR is critical in the adaptive 33 and innate immune regulation. 34, 35 Specifically, AhR has a dominant effect on phenotype by controlling the expression of cytokines, including IL-10, type I interferons, IL-12, IL-17, and TGF-β1. 27, [36] [37] [38] We have recently demonstrated that AhR plays an important role in mediating allergen-induced and ROS-dependent degranulation and IgE-mediated mast cell activation. [39] [40] [41] Additionally, growing evidence suggests that airway epithelial cells play a pivotal role in the initiation and propagation of asthma by producing pathogenic cytokines TSLP, IL-33, and IL-25, and inflammatory mediators in response to environmental stimuli. [42] [43] [44] [45] However, it still remains poorly understood whether AhR signaling provides a molecular pathway that mediates the effects of co-exposure to BaP and common allergens on the epithelial release of cytokines and subsequently downstream immune responses in asthma.
In the present study, we investigated the immunomodulatory effects of BaP on Der f 1, a common allergen in human-induced airway hyper-responsiveness and lung inflammation. Furthermore, we focused on airway epithelial cells and investigated whether BaP co-exposure with Der f 1 can promote airway epithelial cell oxidative stress and cytokine release. More importantly, we explored whether the co-exposure can activate AhR signaling, which subsequently regulates the co-exposure-induced oxidative stress, cytokine release, and allergic inflammation.
| MATERIAL S AND ME THODS

| Animals
Six-to eight-week-old C57BL/6 mice were purchased from experimental animal center of Guangdong province. Animals were maintained under specific pathogen-free conditions at the animal facility of Shenzhen University. The experimental protocols in this study were reviewed and approved by the Animal Care and Use Committee in Shenzhen University.
| Bap co-exposure with Der f 1-induced mouse model of asthma
Generation of the BaP co-exposure with Der f 1-induced asthma mouse model was established as previously described. 22, 23 Briefly, mice were sensitized and challenged every other week for 6 weeks with intra- 
| Measurement of airway hyper-responsiveness
Airway hyper-responsiveness (AHR) to methacholine (Mch) (SigmaAldrich) was measured 24 hour after the last challenge with wholebody plethysmography (Buxco Europe Ltd, Winchester, UK) as previously described 46 and monitored by average enhanced pause (Penh). 47 Mice were exposed to increasing doses of methacholine 
| Bronchoalveolar lavage and Lung histology
Mice were killed, and bronchoalveolar lavage (BAL) was performed by instillation of 0. 
| Cell culture
Human bronchial epithelial cells (16HBECs) were purchased from Haoge biological company (Shanghai, China) and cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells were maintained at 37˚C in a humidified atmosphere at 5% CO 2 .
| RT-PCR
Total RNA was extracted using an RNeasy Plus Mini kit (Qiagen), and cDNA templates were synthesized with SuperScript II (Life Technologies). Real-time PCR (RT-PCR) was performed using C1000
Touch PCR machine (Bio-RAD). Data were analyzed using the 2 −ΔΔCT method as described by Livak and Schmittgen 50 and expressed as fold change relative to untreated control. The mRNA levels were normalized to the internal control gene β-actin. Primer sequences used are included in the Online Repository (Table S1 ).
| Western blotting
Cells were collected and lysed in RIPA buffer (Sigma-Aldrich) containing Protease and Phosphatase Inhibitor Cocktails (Roche).
Protein concentration was measured using a BCA™ Protein Assay (Table S2 ). Blots were visualized with an HRP-conjugated secondary antibody (Santa Cruz) and Western blotting analysis system
Multiskan Go (Thermo scientific). Relative protein expression was determined by densitometric analysis using ImageJ (NIH).
| Detection of intracellular reactive oxygen species
Intracellular reactive oxygen species were quantified with Reactive
Oxygen Species Assay Kit (Beyotime Institute of Biotechnology) as previously described. 
| Statistical analysis
Data are expressed as means ± SEM. Statistical significance for normally distributed samples was assessed using an independent twotailed Student's t test or with ANOVA. Non-normally distributed samples were analyzed by Wilcoxon rank-sum test. All analyses were performed with GraphPad Prism version 5.1 software (GraphPad Software). A P-value < 0.05 was considered statistically significant for all analyses.
| RE SULTS
| BaP co-exposure exacerbates Der f 1-induced lung inflammation
To determine whether BaP co-exposure can exacerbate Der f 1-induced lung inflammation, we generated a mouse model of asthma as illustrated in Figure 1A . 
| BaP exacerbates Der f 1-induced oxidative stress
Our recent studies have demonstrated that cockroach allergen can induce ROS production in mouse model of asthma and airway epithelial cells, leading to increased COX-2 expression. 48 To extend our 
| Aryl hydrocarbon receptor activation by BaP mediates cytokine expression
AhR activation has been recently shown to be critical in mediating DEP-induced production of IL-33, IL-25, and TSLP in allergic severe asthma. 45 To determine whether AhR signaling can also be activated by Western blotting ( Figure 5C ). Similar to the previous results, BaP co-exposure promoted the expression of epithelial TSLP ( Figure 5D) and IL-33 ( Figure 5E ) as compared to Der f 1 alone, and the increased expression was almost completely blocked by CH223191 treatment.
However, no further increase was observed for IL-25 ( Figure 5F ). To further validate the role of AhR in mediating BaP co-exposure-induced increased TSLP and IL-33 expression, AhR in 16HBECs was knocked down by siRNA and confirmed by Western blotting ( Figure 6A) . As 
| Aryl hydrocarbon receptor mediates BaPinduced cytokine expression through ROS
To explore the underlying mechanism by which AhR mediates BaP-promoted epithelial cytokine production, we investigated the regulation of AhR on ROS generation, and then examined whether 
| Functional role of the aryl hydrocarbon receptor-ROS axis in BaP co-exposure-induced lung inflammation
Given the significance of the AhR-ROS axis in mediating BaP co-exposure-induced cytokine production in airway epithelial cells, we further investigated whether the AhR-ROS axis is also important 
| D ISCUSS I ON
Here, we provide evidence that environmental pollutants, which coexist with allergens, contribute to the exacerbation of asthma.
Particularly, we investigated whether BaP can enhance Der f 1-induced airway hyper-responsiveness, lung inflammation, and oxidative stress. Moreover, we explored the underlying molecular mechanisms by studying the role of AhR signaling in mediating BaP and Der f 1 co-exposure-induced oxidative stress and epithelial cytokine release. IgE production, and Th2 cytokine expression (eg, IL-4, IL-5, and IL-13). 48, 53 Air pollution has been considered as one of the most important environmental factors for asthma. 54 Exposure to traffic pollution particulate matter, predominantly DEPs, has been shown to increase the risk of asthma. 11, 55 However, experimental studies suggest that DEP alone had no effect on the major phenotypes of allergic asthma. 56 By contrast, DEP co-exposure with HDM exacerbated allergic responses, including airway hyper-responsiveness, increased levels of allergen-specific IgE, and accumulations of eosinophils and Th2/Th17 cells. 7, 11, 12, 56 These findings were well supported by our findings in this study. Specifically, we used BaP, a major DEP component, and Der f 1, the highly related and major natural allergen purified from HDM, 57 but not heterogeneous mixture of DEP or HDM. The significance of our study is that it provides a potential link between exposure to environmental pollutants and allergens and the development or worsening of allergic asthma. The airway epithelium is the lung's first line of defense against inhaled allergens and pollutants and plays an important role in the innate immune responses. 58 It is recognized that epithelial-derived cytokines IL-33, IL-25, and TSLP enhance Th2-associated lung inflammation, airway remodeling, and pathological changes that are associated with asthma. [42] [43] [44] A recent study suggested that these cytokines can activate type 2 innate lymphoid cells (ILC2), which directly secrete Th2 cytokines. an anti-TSLP mAb has been shown to reverse airway inflammation, prevent structural alterations, and decrease airway hyper-responsiveness and TGF-β1 level. 64 Taken together, these findings demonstrate that these epithelial-derived cytokines may play a pivotal role in the initiation of Th2-associated lung inflammation in BaP co-exposure-induced allergic asthma.
One of the central goals of this study is to explore the molecular mechanisms underlying the BaP co-exposure-induced epithelial cytokine release. AhR is a receptor and transcription factor that is critical in xenobiotic metabolism 65 and has a key function in immunity. Our previous studies suggest a critical role for AhR in mediating allergen-induced and ROS-dependent degranulation and IgE-mediated mast cell activation. [39] [40] [41] Our data in this study provide evidence that AhR is a key molecular regulator for BaP and allergen F I G U R E 8 Aryl hydrocarbon receptor antagonist or ROS inhibitor suppresses BaP co-exposure-induced lung inflammation. A, Effect of CH223191 or NAC on BaP co-exposure-induced airway hyper-responsiveness (AHR) as detected by average Penh. B, Paraffin tissue sections of lung were stained with H&E (upper panel) and periodic acid-Schiff (PAS, lower panel). C, ELISAs for serum levels of Der f 1-specific IgE and IgG1. D, Bronchoalveolar lavage (BAL) total inflammatory cells and eosinophil cells as assessed by Wright-Giemsa staining. E, ELISA analyses for BAL levels of Th1/Th2/Th17 cytokines. F, Representative images of dihydroethidium-stained (DHE-stained) mouse lung tissues and quantitative data for ROS expression as expressed by DHE fold change. Data represent mean ± SEM (n = 6/group), *P < 0.05, **P < 0.01, ***P < 0.001 (RO1ES021739, R21 AI109062, R21 AI121768, and R21 AI137547).
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